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Abstract  11 
In-situ measurements of atmospheric CO2 have been made at Royal Holloway University of 12 
London (RHUL) in Egham (EGH), Surrey, UK from 2000 to 2012. The data were calibrated 13 
using NOAA calibration gases. Measured CO2 varies on time scales that range from minutes 14 
to inter-annual and annual cycles. Seasonality and pollution episodes occur each year. 15 
Diurnal cycles vary with daylight and temperature, which influence the biological cycle of 16 
CO2 and the degree of vertical mixing. Anthropogenic emissions of CO2 dominate the 17 
variability during weekdays when transport cycles are greater than at weekends. Seasonal 18 
cycles are driven by temporal variations in biological activity and changes in combustion 19 
emissions. Maximum mole fractions (µmol/mol) (henceforth referred to by parts per million, 20 
ppm) occur in winter, with minima in late summer. The smallest seasonal amplitude 21 
observed, peak to trough, was 17.0 ppm CO2 in 2003, whereas the largest amplitude 22 
observed was 27.1 ppm CO2 in 2008.  23 
 24 
Meteorology can strongly modify the CO2 mole fractions at different time scales. Analysis of 25 
eight 45° wind sectors shows that the highest CO2 mole fractions were recorded from the E 26 
and SE sectors. Lowest mole fractions were observed for air masses from the S and SW. 27 
Back-trajectory and meteorological analyses of the data confirm that the dominant sources 28 
of CO2 are anthropogenic emissions from London and SE England. The largest annual rate 29 
of increase in the annual average of CO2, 3.26 ppm yr-1 (p<0.05), was for the W sector 30 
whereas the smallest increase, 2.56 ppm yr-1 (p<0.05), was for the E sector. Calm winds 31 
showed an annual growth rate of 1.16 ppm yr-1 CO2 (p<0.05). The EGH site shows an 32 
average growth rate of 2.5 ppm yr-1 CO2 (p<0.05) over the measured period, which exceeds 33 
the observed global trend and contrasts with the decrease in CO2 emissions reported in UK 34 
greenhouse gas inventories. This is presumably because the region has had higher growth 35 
in combustion emissions than the global average, though the low growth rate in calm 36 
weather implies the local emissions have grown more slowly. The seasonal cycle at EGH 37 
had larger amplitudes than those recorded at the Mace Head Atmospheric Research Station 38 
(MHD) on the W coast of Ireland. Overall, the growth rate observed in annual average CO2 39 
at EGH was larger than that at MHD by about 0.5 ppm yr-1. 40 
 41 
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1. Introduction 46 
There are very few long-term high-quality records of urban CO2. Time-series analyses have 47 
been used extensively to study changes in CO2 cycles and long-term trends, but nearly all 48 
long-term records of greenhouse gases are from remote background locations in the marine 49 
boundary layer or at high altitude such as Mauna Loa or South Pole. Although several 50 
continuous records of CO2 have been reported, only a few address the emissions of a 51 
megacity. In part this is because of the complexity of the problem: urban emissions can vary 52 
dramatically both spatially and from hour to hour.  53 
 54 
The purpose of this report is to show that long-term observations in urban and suburban 55 
settings are indeed valuable. Well-located observation time-series in peri-urban settings can 56 
be used to provide powerful insights into urban and regional emissions, their diurnal and 57 
seasonal dynamics, and also to track the effectiveness of policy initiatives to manage CO2 58 
emissions. Time-series analyses of CO2 mole fractions can provide the basis to understand 59 
fluctuations in the global carbon cycle, however very few long-term times series have been 60 
reported in heavily populated emissions 'hotspots'. Yet unless CO2 mole fractions in 61 
populated regions are measured and understood, the efficacy of government policy 62 
initiatives cannot be independently tested and verified, nor can local and regional changes in 63 
response to emission abatement strategies and policies be tracked.  64 
 65 
Meteorological parameters such as temperature, wind speed and direction, air mass origin 66 
and boundary layer height influence atmospheric CO2 mole fractions. Peri-urban monitoring 67 
stations such as EGH, which is situated upwind to the prevailing wind and between a 68 
megacity and the rural environment, receive polluted urban air masses that contain high CO2 69 
loading, and also background air masses from less polluted sectors. The location permits 70 
study of both semi-rural and urban areas contributions to the CO2  The direct effects of low 71 
wind speeds and a temperature inversion cap are that local emissions are dispersed slowly, 72 
remain close to the ground, and accumulate (Worthy et al., 1994). Low wind speeds are also 73 
typically accompanied by rapidly fluctuating wind directions. Consequently, under such 74 
conditions, CO2 data exhibit large standard deviations, as local emissions are sporadically 75 
sampled.  76 
 77 
This study presents 13-years of continuous measurements of atmospheric CO2 recorded at 78 
EGH from 2000 to 2012. The data set contains features of a semi-rural and an urban site, 79 
depending on air mass trajectories, which allows a complete assessment of both semi-rural 80 
and urban inputs to the CO2 atmospheric build-up, which only very few reports have 81 
assessed. Results of the analysis and interpretation of daily and seasonal cycles, and long-82 
term trends are compared with those observed at the MHD monitoring station. The influence 83 
on observed CO2 annual growth rates of air mass origins at the EGH site was also 84 
evaluated.  85 
 86 
The Egham results are set in a global context of increasing CO2. Britain is attempting to 87 
reduce its greenhouse gas emissions. If the policy is successful, then London and SE 88 
English CO2 mole fractions would be expected to grow more slowly than the global increase.  89 
Measurements of atmospheric CO2 made in recent decades at monitoring stations at 90 
different latitudes, especially the key marine background observatories of the US National 91 
Oceanic and Atmospheric Administration (NOAA),  have shown a dramatic and rapid rise in 92 
CO2 levels (Thoning et al., 1989; Nakazawa et al., 1991; Dettinger et al., 1998, Haszpra et 93 
al., 2008; Zhang et al., 2013a). During the last decade, CO2 growth has increased at a rate 94 
more than twice that of the increase observed during the 1960s (IPCC, 2013). In 2013, the 95 
global average concentration of CO2 was 396.48 ppm (Tans et al., 2014). More specifically, 96 
the Atlantic is the source of the main prevailing wind, and thus the Egham record should be 97 
tested against the Atlantic background record, for example at Mace Head, Ireland.  98 
 99 
2. Measurements and data 100 
2.1  Egham site location and data 101 
Measurements of atmospheric CO2 were made from 2000 to 2012 at the Greenhouse Gas 102 
Laboratory of the Earth Sciences Department (GGLES) at RHUL (i.e. the EGH site). The 103 
EGH site is situated in Surrey, UK (51°25’35.99” N, 0°33’39.66” W), approximately 32 km 104 
WSW of Central London on the first significant incline (Figure 1). The EGH site is about 45 m 105 
above sea level, and 30 m above the nearby Thames Floodplain. Air is sampled from an inlet 106 
manifold located on the roof of the Earth Sciences building, approximately 15 m above 107 
ground level. The EGH site lies approximately 7 km SW of London Heathrow Airport and is 108 
ideal for local, regional, and background studies of air pollution. Windsor Great Park which is 109 
a mix of forested and agricultural land, is located around 2 km W of the site, and covers an 110 
area of some 30 km2. To the SW is a predominantly sub-urban area of clusters of housing 111 
interspersed with woodland and the Surrey heathlands. The E sector is dominated by the 112 
Greater London conurbation (Lowry et al., 2001).  113 
 114 
2.2  Sampling methodology, instrumentation and calibration 115 
CO2 was measured continuously at the EGH site at time-intervals of 5 mins to 10 secs 116 
during January 1st 2000 to December 31st 2012. Between 2000 and 2009, a LiCor 6252 non 117 
dispersive infrared analyser was used to measure CO2 (Table 1). This instrument was 118 
operated in absolute mode with the reference cell filled with zero air and scrubbed with soda 119 
lime to maintain 0 ppm CO2 in the cell. Before 2007, data were logged at 5-min intervals, but 120 
after 2007 data were logged at 1-minute intervals to be more consistent with European 121 
stations in the GeoMon project (GeoMon, 2014). During 2009, a Picarro G1301 cavity 122 
ringdown spectrometer (CRDS) was run in direct comparison with the LiCor instrument, 123 
before becoming the primary instrument to measure CO2 from 2010 to the present. Very 124 
good agreement was observed between records (gradient=1.0045, intercept=-1.8678, 125 
r=0.9990, p<0.001). The CRDS outputs a CO2 measurement at approximately 10-second 126 
intervals and these are 1-minute averaged. Both instruments were calibrated using NOAA 127 
calibration gases.  128 
 129 
From 2000 to 2007 two standards of 372.1 and 420.1 ppm CO2 were analysed daily to 130 
account for drift and span corrections. In 2008 the 372.1 ppm CO2 standard was replaced by 131 
a 378.9 ppm calibration gas, and in 2010 the 420.1 ppm standard replaced by a 415.4 ppm 132 
calibration gas. The CRDS was calibrated during 2010 and 2011 using the replacement 133 
NOAA gases. Since 2012, air standards with 380.3, 394.9 and 420.1 ppm CO2, that were 134 
prepared at MPI-Jena and calibrated against NOAA standards as part of the IMECC project 135 
(IMECC, 2014), have been analysed weekly. 136 
 137 
Wind direction, wind speed and temperature were recorded from 2000 to 2006 using a MJP 138 
Geopacks PC weather station, which was replaced in 2007 by a Geopacks WS-200 MK-III 139 
weather station.  140 
 141 
2.3  Mace Head Research Station and data 142 
The Mace Head station (53°20’ N, 9°54’ W) samples Atlantic background air. MHD is 143 
situated on the Atlantic Ocean coastline of Ireland to monitor CO2 mole fractions and 144 
quantify European and trans-Atlantic sources and sinks of CO2 (Bousquet et al., 1996; 145 
Derwent et al., 2002; Messager et al., 2008). It receives clean maritime air masses from 146 
across the Atlantic Ocean, and under anti-cyclonic conditions, air masses from the UK and 147 
continental Europe (Derwent et al., 2002). The MHD CO2 data set is maintained by the 148 
Climate and Environment Sciences Laboratory (LSCE), which belongs to the Institut Pierre 149 
Simon Laplace, and was obtained from the web site of the World Data Centre for 150 
Greenhouse Gases of the World Meteorological Organisation 151 
(http://ds.data.jma.go.jp/gmd/wdcgg). The data set spans continuous, hourly, measurements 152 
of CO2 from January 1992 to December 2011.  153 
 154 
2.4  Meteorology at the EGH site 155 
The climate at EGH is mild and maritime, with widely varying wind directions. SW winds are 156 
most common as depressions track across the UK, but E winds are frequent in anti-cyclonic 157 
conditions. NE winds occur regularly in winter and summer. Relatively clean air arrives at the 158 
sampling site from the SW and SSW. In background conditions, air pollutant mole fractions 159 
are close to those recorded for contemporaneous Atlantic background air measured at MHD, 160 
Ireland (Lowry et al., 1998). By contrast, E air trajectories pass over the whole London urban 161 
area (8.17 million people; ONS, 2011) before arrival at the site.  162 
 163 
During slow-moving anti-cyclonic air conditions in winter and early spring, the initial relatively 164 
clean air is augmented by emissions from the London basin. Such widespread conditions 165 
may persist for several days or more, with primary air pollutants accumulating as the 166 
blanketing temperature inversion rises and falls (Lowry et al., 1998: LAQN, 2014), and thus 167 
CO2 data recorded at EGH may be regarded as a broad proxy for air quality in the London 168 
area. Trajectories for SW air streams typically approach above the English Channel and 169 
descend over 80-100 km of rural and sub-urban areas before reaching EGH. Air masses 170 
from the NE often pass over the North Sea from Arctic regions, then over 80-100 km of rural 171 
East Anglia before reaching NW London and on to EGH (Lowry et al., 2001).  172 
 173 
Figure 2 shows the frequency of counts of measured wind direction occurrence by season 174 
during 2000-2012. Overall, the predominant wind direction at the study site was SW, 175 
occurring 21% of the time. Calm conditions (half hour averages) of wind speeds less than 176 
0.1 m s-1 occurred 17.7% of the time. Significant seasonal variations in frequency were 177 
observed for NE winds between winter and summer. Interestingly, the fewest calm winds 178 
occurred in winter (11.5%, 7,783 events), while the most were observed in autumn (23.1%, 179 
16,256 events). 180 
 181 
2.5  Definition of wind sectors and seasons 182 
To enable wind-sector analyses, the data set was divided into 8 wind sectors of 45° starting 183 
from 0° ± 22.5°. To avoid data duplicity, the lower bound of each sector was established by 184 
adding 0.5°. To carry out seasonal analyses, 4 seasons were defined according to 185 
temperature records in the northern hemisphere: winter (December to February), spring 186 
(March to May), summer (June to August) and autumn (September to November). 187 
 188 
2.6  Data quality and capture rate 189 
Although occasional instrument breakdowns caused data gaps, the data capture varied 190 
between 89-99% of maximum possible yearly measurements. The total percentage 191 
coverage is shown in Figure 3. A data capture threshold of 75% was used to consider data 192 
valid (Zellweger et al., 2009). 30-min averages were used to calculate daily averages. 193 
Monthly averages were calculated from daily averages whereas yearly averages were 194 
calculated from monthly averages. Wind speed data coverage was from 67-99%, wind 195 
direction from 76-99% and temperature from 91-99% (Figure 3).  196 
 197 
2.7  Data analyses  198 
The dataset was analysed extensively with the openair package (Carslaw et al., 2012) for R 199 
software (R Core Team, 2013). Long-term trends were computed with the MAKESENS 1.0 200 
macro, which performs two types of statistical analysis. Firstly, the presence of a monotonic 201 
increasing or decreasing trend was tested with the non-parametric Mann-Kendall test. 202 
Secondly, slopes of linear trends were calculated with the non-parametric Sen’s method.  203 
MAKESENS used the normal approximation test for n = 13 at EGH to test the presence of a 204 
statistically significant trend using the Z value. A positive Z value indicates an increasing 205 
trend, with a negative value indicative of a decreasing trend. To test for monotonic trends, a 206 
two-tailed test at a level of significance of α was used. H0 was rejected if the absolute value 207 
of Z was greater than Z1-α/2 obtained from standard normal cumulative distribution tables. 208 
MAKESENS tests significance levels of α of 0.001, 0.01, 0.05 and 0.1 (ie p values of 99.9, 209 
99, 95 and 90%, repectively) (Salmi et al., 2002). 210 
 211 
Sen’s method was used where the trend is assumed to be linear and can be represented by 212 
a slope and a constant Q and B, respectively. To calculate Q, first the slopes of all data 213 
values were calculated in pairs. For n values xj in the time series, N = n(n-1)2 slope 214 
estimates were obtained Qi. The Sen’s estimator of slope is the median of these N values of 215 
Qi. Then, the N values of Qi were ranked from the smallest to the largest. A 100(1-α)% two-216 
sided confidence interval about the slope estimate was obtained by the non-parametric technique 217 
based on the normal distribution. MAKESENS computes the confidence interval at two 218 
different confidence levels; α = 0.01 and α = 0.05, resulting in two different confidence intervals. To 219 
obtain an estimate of B, the n values of differences xi – Qti were calculated. The median of 220 
these values gives an estimate of B (Salmi et al., 2002). 221 
 222 
The Seasonal-Trend Decomposition technique (STL) was used to decompose the time-223 
series into trend, seasonal and residual components (Cleveland et al., 1990). STL consists 224 
of two recursive procedures: an inner loop nested inside and outer loop. In each of the 225 
passes through the inner loop, the seasonal and trend components are updated once; each 226 
complete run of the inner loop consists of n(i) such passes. Each pass of the outer loop 227 
consists of the inner loop followed by a computation of the robustness weights; these 228 
weights are used in the next run of the inner loop to reduce the influence of transient, 229 
aberrant behaviour on the trend and seasonal components. An initial pass of the outer loop 230 
is carried out with all robustness weights equal to 1, and then n(0) passes of the outer loop 231 
are carried out. SPSS 19.0 for Windows was used to perform statistical analyses. 232 
 233 
3. Results and discussion 234 
3.1  CO2 Continuous measurements from 2000 to 2012 at EGH 235 
Seasonal cycles, winter pollution episodes and an increasing trend were observed in the 236 
data set. The seasonal cycle shows the largest CO2 mixing ratios in winter and the lowest in 237 
late summer (Figure 4a). This cycle arises from a combination of CO2 uptake by 238 
photosynthesis (Nakazawa et al., 1991; Dettinger et al., 1998), which is enhanced during the 239 
summer when the lowest CO2 mole fractions were recorded, and increased emissions from 240 
fossil fuel burning for heating during winter. Winter pollution episodes can be caused by 241 
strong surface radiation inversion trapping local emissions, the breakdown of this inversion 242 
with subsequent transport of CO2 from aloft to the surface, and long-range transport of CO2 243 
from continental Europe to EGH. The increasing overall trend is in accordance with that 244 
observed worldwide; the increment in the CO2 atmospheric levels is mainly due to the 245 
combustion of fossil fuels (Ramonet et al., 2010; Tans et al., 2014).   246 
 247 
Daily averages of CO2 calculated from 30-minute averages are plotted in Figure 4b. A high 248 
proportion of daily values were close to background mole fractions (data not shown) due to 249 
the high prevalence of westerly winds. Interestingly, although their maximum mole fraction 250 
increased, the frequency and amplitude of spikes (defined as >3σ) decreased during the 251 
period studied, which may be due to the introduction of more efficient vehicle engines 252 
spurred by an increase in fossil fuel costs.  253 
 254 
3.2  Daily profiles and weekly cycles 255 
Hourly averages were calculated from the 30 min averages. Diurnal variations were 256 
calculated using normalised daily cycles derived from average diurnal cycles by subtracting 257 
or adding daily averages in order to remove the impacts of long-term trends (Zhang et al., 258 
2013b). Diurnal variations split by seasons are plotted in Figure 5. The largest daily 259 
amplitude value (AVd) of 26.3 ppm CO2 occurs in summer with a peak at 05:00 GMT and 260 
trough at 14:00 GMT; the smallest AVd of 10.2 ppm CO2 is in winter with a peak at 09:00 261 
GMT and a trough at 14:00 GMT. The larger AVd in summer is due to an enhanced biological 262 
(photosynthesis-respiration) system with more abundant vegetation in the ‘green belt’ around 263 
EGH. By contrast, in winter, the predominance of deciduous trees and slower growth of 264 
vegetation produces the smallest diurnal AVds. The morning peak of CO2 on top of the daily 265 
cycle, particularly in winter, highlights the role of the planetary boundary layer height driving 266 
the CO2 mole fractions.   267 
 268 
At EGH, an average AVd of 17.0 ppm CO2 was calculated for the 13-year averaged daily 269 
cycle. A similar winter AVd of 7 ppm CO2 was recorded at the rural site of Hegyhátsál, 270 
Hungary. However at EGH, the summer AVd of 26 ppm CO2 is half of 52 ppm CO2 calculated 271 
in summer by Haszpra et al. (2008), which highlights differences in the biological system in 272 
the continental interior and the maritime-moderated climate of EGH. At an urban location in 273 
Basel, Switzerland, the summer AV of 61 ppm CO2 reported by Vogt et al. (2006) is much 274 
higher than that at EGH. The Basel station is greatly affected by traffic load and wind speed 275 
conditions leading to a higher variability than at EGH, but has also a greater annual 276 
temperature variation to exacerbate the biological system. 277 
 278 
The normalised daily cycle shows the largest CO2 mole fractions at EGH before sunrise 279 
(Figure 5), the earliest being at 05:00 GMT in summer and the latest at 09:00 GMT in winter. 280 
The peaks in the CO2 cycle appear before the biological system becomes a net CO2 sink and 281 
are enhanced by shallow night-time boundary layers (Haszpra et al., 2008; Larson and 282 
Volkmer, 2008). Also, vegetation respiration contributes to atmospheric CO2 as maximum 283 
biological activity occurs before sunrise, hence the peak in the CO2 cycle follows the timing 284 
of sunrise during the year. Boundary layer break up, vertical mixing after sunrise and the 285 
onset of net biological CO2 uptake enhance the AVs and leading to cycle minima at EGH at 286 
14:00 GMT due to the biological system. This is observed clearly in summer when the 287 
vegetation uptake reaches its maximum activity (Haszpra et al., 2008).  288 
 289 
3.3  Seasonal cycles from filtered data (STL) 290 
CO2 molar fractions respond to changes in temperature, vegetation extent, combustion 291 
emissions and meteorology. Seasonal cycles were obtained by filtering the data set with STL 292 
at EGH (Figure 6a). The shape of the cycles is similar each year, with winter maxima and 293 
summer minima. Maxima, are observed in January in 2000 and 2001, in December from 294 
2002 to 2009, and in November from 2010 to 2012. By contrast, apart from 2003 (June) and 295 
2006 (July), minima are consistently seen in August. Shoulders in the cycles are observed in 296 
February due to the prevalence of higher W wind speeds than in January and March. The 297 
advection of background westerly air masses generates convective conditions that disperse 298 
local emissions, and dilute the CO2 accumulated by mixing it with clean air.  299 
 300 
The average seasonal amplitude value (AVs) was calculated using STL for the 13-year 301 
record as 21.7 ± 3.4 (1σ) ppm CO2. The lowest AVs was 17.0 ppm in 2003 with the largest of 302 
27.1 ppm in 2008. Despite annual variability in the AVs, a statistically significant (p=0.005) 303 
annual growth rate of 0.64 ppm CO2 yr-1 in AVs was obtained (Figure 6b). This increasing 304 
and variable trend in AVs observed agrees with several previous studies (Cleveland et al., 305 
1983; Thoning et al., 1989; Dettinger et al., 1998), although at EGH the larger growth rate in 306 
AVs observed is strongly influenced by inter-annual variability. This growth rate may be a 307 
result of increased photosynthetic activity (perhaps in part in  response to increasing 308 
atmospheric CO2 mole fractions), increases in fossil fuel combustion and to a lesser extent 309 
to changes in ocean and land temperatures (Cleveland et al., 1983; Dettinger et al., 1998; 310 
Barichivich et al., 2012; 2013). 311 
 312 
The onset of the growing season in the northern hemisphere, and thus CO2 uptake are 313 
strongly coupled with temperature (Haszpra et al., 2010; Barichivich et al., 2012; 2013). 314 
Monthly de-trended averages of CO2 and temperature were obtained from the dataset using 315 
the STL filtering technique (Figure 6). Results show a strong anti-phase relationship of the 316 
seasonal cycles of CO2 and temperature with linear regression analysis confirming a 317 
negative correlation with an r value of 0.90 and significance of p<0.001 for 156 monthly 318 
averages. Temperature increases also modify the CO2 AVs by increasing respiration rates, 319 
enhancing CO2 release, and prolonging the growing season and thereby increasing CO2 320 
uptake from the atmosphere (Piao et al., 2008). A linear relationship was observed between 321 
minimum CO2 mole fractions and maximum temperatures in summer (r=0.71, p<0.01), but 322 
was not observed for CO2 maximum mole fractions and temperature minimum values in 323 
winter (r=0.06, p>0.05), which highlights the dominant role of the planetary boundary layer 324 
height and its evolution during the year on the CO2 mole fractions recorded (PORG, 1997).  325 
 326 
3.4  Secular trend and residuals (STL) 327 
Figure 7 shows the CO2 secular trend and residuals recorded at EGH during 2000-2012. The 328 
smoothed line of the secular trend was computed by filtering the data set with the STL 329 
technique (Cleveland et al., 1990). Residuals represent irregular variations beyond the 330 
seasonal cycles and secular trend. The smoothed curve shows persistent increases in the 331 
CO2 mole fractions with declines in 2004 and 2008. The declines at EGH both coincide with 332 
observations from monitoring stations across the globe (Tans et al., 2014), and are explained 333 
by two factors: 1) a global increase in temperatures during 2003 and 2004, which may have 334 
led to increased uptake by vegetation, and; 2) during 2008-2009, the global economic crisis 335 
and high oil prices caused a 50% reduction in the annual increase in global emissions of 336 
CO2. That is in good agreement with data from the UK GGI (2014) that reports a decline in 337 
CO2 emissions from the business, residential and industrial processes sectors during 2008-338 
2009. 339 
 340 
3.5  Growth rate estimated by wind sector at Egham 341 
CO2 annual growth rates were calculated by wind sector. The data set was split into 8 wind 342 
sectors and Sen’s estimate (Salmi et al., 2002) was applied to calculate the growth rate per 343 
sector. The growth rates obtained are listed in Table 2 and range from 2.56 ppm CO2 yr-1 (E) 344 
to 3.26 ppm CO2 yr-1 (W), with a significance of p<0.01 obtained for all wind sectors. The 345 
largest growth rate in the W sector may be due to new combustion sources in that sector. 346 
The calm sector shows an annual growth rate of 1.16 ppm CO2 yr-1, which can in part be 347 
attributed to the decreasing trend in CO2 emissions reported for the region close to the EGH 348 
measurements site in the UK NAEY inventory (NAEI, 2013A study of methane at the EGH 349 
site (Lowry et al., 2001), suggested that the local source footprint was maximum 3-4 350 
km from site. Since this study there have been significant decreases in CH4 and CO2 351 
due to closure of a local landfill site.  From recording CO2 at least 10 ppm higher 352 
than the classified wind sectors, the calm sector now has annual averaged CO2 353 
close to those for the Eastern quadrant. 354 
 355 
3.6  Mace Head comparison  356 
Figure 8 compares unfiltered monthly averages of CO2, calculated from daily averages, at 357 
EGH and MHD for 2000-2011. The relatively high EGH results are due to local emissions 358 
and air masses from Greater London, whereas the MHD observations show mostly 359 
background Atlantic Ocean levels. Differences in monthly averages between the two sites 360 
ranged from 0.2 to 36.1 ppm CO2. The smallest differences are always observed in late 361 
spring and early summer, which coincides with the onset of the growing season at EGH 362 
when vegetation becomes a net sink for CO2 (Haszpra et al., 2008, Barichivich et al., 2013). 363 
By contrast, the biggest differences are always found in winter, when the largest monthly 364 
CO2 mole fractions are observed at EGH due to the combination of increased combustion 365 
sources and presumably soil respiration, and frequency of anti-cyclonic weather conditions 366 
(Worthy et al., 1994). 367 
 368 
Normalised weekly cycles were calculated using hourly averages relative to the weekly 369 
mean. Figure 9 shows the normalised weekly cycles at EGH and MHD with larger 370 
amplitudes (peak-to-trough) seen at EGH. Daily amplitudes range from 15.2 to 19.3 ppm 371 
CO2 at EGH and from 2.0 to 2.3 ppm CO2 at MHD. Significant variability at EGH was 372 
observed at EGH between weekdays and weekends (2.3 ppm CO2 on average larger in 373 
weekends) with lower minimum mole fractions on weekends but was not observed at MHD. 374 
It is clear that during weekdays CO2 emissions in the sub-urban area are greater than at 375 
weekends. The process of respiration/uptake by vegetation does not change during the 376 
week in the normalised cycles; the higher mole fractions are thought to be caused by 377 
combustion gases emitted (e.g. heating) near to EGH, in Greater London and on the very 378 
busy motorways and main road network (Kotthaus et al., 2012). As with the daily cycle, the 379 
day of week peaks coincide with sunrise (between 04:00 and 08:00 GMT depending on the 380 
season) with the trough in early afternoon (14:00 GMT).  381 
 382 
By contrast, the daily cycle at MHD does not show significant changes between different 383 
days of the week. The small variations observed in clean sector data at MHD indicate that 384 
the site is not influenced by major CO2 sources or sinks and the CO2 cycle from local 385 
vegetation is clean sector data dampened by the reduced development of inversion 386 
conditions at this coastal site (Dettinger et al., 1998; Derwent et al., 2002; Haszpra et al., 387 
2010). Variations in seasonal cycles of CO2 have been reported for sites with local 388 
vegetation and combustion sources, whereas more remote locations normally show more 389 
harmonic cycles (Nakazawa et al., 1991; Dettinger et al., 1998). 390 
 391 
3.7 Seasonal cycles comparison 392 
Seasonal cycles for CO2 at MHD were computed from monthly averages using the STL 393 
technique (Cleveland et al., 1990), and are shown in Figure 10a. The annual cycles 394 
remained almost constant with much less variability than at EGH. An anomaly or small 395 
trough at the maximum of the cycle occurred each February in 2000 to 2004, and are 396 
attributed to dilution by air masses with relatively high wind speeds. CO2 AVs range from 12.9 397 
to 14.6 ppm CO2 (Figure 10b). There is no trend in the CO2 AVs during 2000-2011 at MHD 398 
whereas at EGH a linear increasing of 0.64 ppm CO2 yr-1 (p<0.05) was found. This increase 399 
is related to new local CO2 combustion sources, which increase CO2 in winter, and 400 
enhanced uptake of CO2 by vegetation during summer. 401 
 402 
3.8  CO2  long-term trends at EGH and MHD from 2000 to 2011 403 
Annual CO2 averages at EGH and MHD were calculated from monthly averages and are 404 
plotted in Figure 11a. Overall, a total increment of 28.1 ppm CO2 is observed at EGH for 405 
2000-2011, with an increment of 22.4 ppm is observed at MHD. Annual variability is evident: 406 
at EGH annual changes in annual averages (ΔCO2) range from -0.6 (2006-2007) to 7.8 ppm 407 
(2001-2002), whereas at MHD ΔCO2 ranges from 1.0 (2007-2008) to 3.1 ppm (2000-2001). 408 
Interestingly, the largest ΔCO2 at EGH and MHD coincide (in 2000 to 2001), but the smallest  409 
ΔCO2 at MHD does not coincide with that at EGH.  410 
 411 
The Mann-Kendall test and Sen’s estimate (Salmi et al., 2002) were used to calculate  412 
trends in annual averages at EGH and MHD, as shown in Figure 11a. Statistically significant 413 
(p<0.01) average growth rates of 2.5 and 1.9 ppm yr-1 were calculated at EGH and MHD, 414 
respectively. Annual residuals, defined as the difference of annual averages minus the Sen’s 415 
estimates, ranged from -2.9 ppm CO2 (2000) to 3.1 ppm CO2 (2007) at EGH, and from -1.0 416 
ppm CO2 (2000) to 0.7 ppm CO2 (2002) at MHD. The largest residuals observed at EGH and 417 
MHD are 3.1 ppm CO2 in 2007 and 0.7 ppm CO2in 2002, respectively, whereas the lowest 418 
residuals at EGH of -2.9 ppm CO2 and at MHD of -1.0 ppm CO2 coincided in 2000. 419 
 420 
The increasing trends in CO2 annual averages observed at EGH and MHD agree well with 421 
those at other monitoring stations, and confirm the rate of increasing CO2 mole fractions 422 
around the globe (Haszpra et al., 2008; Ramonet et al., 2010; Barichivich et al., 2013; Zhang 423 
et al., 2013a; Tans et al., 2014).  424 
 425 
3.9      Comparison with the UK National Emissions Inventory (UK NAEI) 426 
The UK NAEI reports that during 2000-2012, CO2 emissions decreased by ca.14.2% (NAEI, 427 
2014). By contrast, the EGH data show that during the period 2000-2012, atmospheric CO2 428 
increased by 8.4%. For comparison, during the slightly shorter 2000-2011 period, CO2 at 429 
Mace Head rose by 6%, which agrees with upward trends recorded at several locations in 430 
Europe during 2000-2005 (Ramonet et al., 2010). All other factors being equal, this would 431 
imply that in the London region, CO2 emissions have risen in excess of the increase in the 432 
regions contributing to the Atlantic background values (i.e. global but particularly USA).   433 
Interestingly, airborne CO2 measurements in the Greater London Area suggest that the UK 434 
NAEI underestimates CO2 emissions by a factor of 2.3 (O’Shea et al., 2014), whereas 435 
annual estimates of net exchange of CO2 above Central London agree with the UK NAEI 436 
estimates (Helfter et al., 2011).  437 
 438 
Ramonet et al. (2010) attribute the observed upward trends in CO2 to two possible causes: 439 
boundary layers becoming more shallow, and regional changes in CO2 emissions within 500 440 
km of the measurement locations, which account for 32% and 27%, respectively, of the 441 
trends. By contrast, Aulagnier et al. (2009) suggest a combination of the more shallow 442 
boundary layers and changes in wind speed. However, it is clear that further measurements 443 
of CO2 and other tracers for anthropogenic emissions such as 13CO2, 14CO2 and CO, wind 444 
speed and direction, and boundary layer height are required to verify the origins of the 445 
trends observed. A limiting factor is the uncertainty of 2% in the regional emissions of CO2 446 
that may obscure other processes (NAEI, 2014). 447 
 448 
4. Conclusions 449 
Continuous high-precision and high-frequency CO2 data recorded at EGH and MHD 450 
monitoring stations were used to estimate CO2 growth rates from 2000 to 2012, and from 451 
2000 to 2011, respectively. CO2 mole fractions varied on time scales ranging from minutes to 452 
inter-annual and annual cycles. The greatest mole fractions were recorded for winds from 453 
the E and SE sectors, representing CO2 transported from anthropogenic sources in the 454 
London region and continental Europe. The lowest mole fractions were observed for the S 455 
and SW sectors, where air travels from the Atlantic Ocean over a maximum of 100-150 km 456 
of semi-rural England. 457 
 458 
The diurnal cycle of CO2 varies with patterns of atmospheric transport and heating, and 459 
biologically with length of daylight. Weekly cycles are strongly influenced by anthropogenic 460 
emissions during weekdays when fossil fuel burning and combustion processes are higher 461 
than at weekends. Seasonal cycles are driven by temporal variations in human behaviour, 462 
atmospheric transport and in photosynthesis. Annual cycles at EGH and MHD exhibit 463 
maxima and minima in winter and late summer, respectively. The smallest seasonal 464 
amplitude of CO2 observed at EGH was 17.0 ppm CO2 in 2003, with the largest of 27.1 ppm 465 
CO2 in 2008. This underlies an increasing trend in seasonal amplitudes observed at other 466 
northern hemisphere locations. 467 
 468 
An annual averaged growth rate of 2.45 ppm CO2 yr-1 (p<0.05) was calculated for EGH 469 
during 2000-2012 compared with 1.9 ppm CO2 yr-1 (p<0.05) for MHD between 2000 and 470 
2011. The larger growth rate observed at EGH was due to local and regional increases in 471 
CO2 emissions from fossil fuel combustion that are not recorded in the MHD data set. The 472 
CO2 increasing trend observed is opposite to the decreasing trend in CO2 emissions 473 
reported in the UK NAEI, however the uncertainty in CO2 emissions estimations still remains 474 
at a few per cent. More continuous long-term measurements of CO2, particularly in regions 475 
of high emissions, are required to better understand the growth rate. This work demonstrates 476 
the usefulness of long-term CO2 monitoring close to major emissions 'hot-spots' in order to 477 
measure emissions in highly populated areas, and to test the validity of 'bottom-up' inventory 478 
assessment. The measurement and analysis reported here permit wholly independent 479 
testing and verification of the UK national inventory data for emissions. 480 
 481 
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Table 1. Instrumentation, precision, frequency and periods used to measure CO2 at the 612 
Egham site during 2000 to 2012.  613 
Period Instrument Precision Measurement	  frequency 
1999-­‐2009 Licor	  6252 
(Non-­‐dispersive	  IR) 
±	  0.1	  ppm 1999-­‐2006	  (every	  5	  min) 
2007-­‐2009	  (every	  1	  min) 
2010-­‐2012 Picarro	  G1301 
(Cavity	  Ring	  Down	  
Spectroscopy) 
±	  0.05	  ppm 2010-­‐2012	  (every	  10	  sec) 
 614 
Table 2. Averaged CO2 growth rates for 2000-12 calculated by wind sector at the EGH site. 615 
Sector N NE E SE S SW W NW Calm 
CO2 growth rate 
 (ppm yr-1) 3.20* 2.78* 2.56* 2.85* 2.78* 2.92* 3.26* 2.71* 1.16** 
*Level of significance α = 0.0001 616 
**Level of significance α = 0.1 617 
 618 
 619 
Figure 1a). The EGH site, M25 motorway and greater London area in the national context. 620 
b). EGH site at RHUL in relation to central London and the Greater London motorway 621 
network.  622 
 623 
 624 
Figure 2. Frequency of counts of measured wind direction occurrence by season at the EGH 625 
site.  626 
 627 
Figure 3. Data capture of 30-min values recorded for CO2, wind speed, wind direction and 628 
temperature over 2000-2012 at EGH. 629 
 630 
Figure 4a). 30-minute averages of atmospheric CO2 recorded from Jan 2000 to Dec 2012 at 631 
EGH. b). Daily averages during the same period. 632 
 633 
Figure 5. CO2 de-trended daily cycles by season observed at the EGH site.  634 
 635 
Figure 6a). Seasonal cycles of CO2 constructed from filtered data using the STL technique 636 
developed by Cleveland et al. (1990). b). Seasonal amplitudes and trend of CO2 at EGH 637 
from 2000 to 2012 . 638 
 639 
Figure 7. Smoothed trend and residuals of monthly CO2 averages recorded at EGH from 640 
2000 to 2012 computed with the STL technique developed by Cleveland et al. (1990). 641 
 642 
Figure 8. Comparison of monthly averages of CO2 for EGH and MHD during 2000-2011. 643 
Monthly averages were calculated from daily averages.  644 
 645 
 646 
Figure 9. Normalised weekly cycles constructed from hourly averages at EGH and MHD 647 
during 2000-2011. 648 
 649 
Figure 10a). Smoothed CO2 seasonal cycles. b). Seasonal amplitudes observed at EGH and 650 
MHD monitoring sites from 2000 to 2011 calculated with the STL technique. 651 
 652 
Figure 11a). CO2 annual averages at EGH and MHD monitoring stations during 2000-2011; 653 
the lines represent the smoothed trend from the Mann-Kendall test. b). Annual residuals 654 
obtained from annual averages minus Sen’s estimation. 655 
 656 
